Abstract Trimeric intracellular cation-specific (TRIC) channels are integral to muscle excitation-contraction coupling. TRIC channels provide counter-ionic flux when calcium is rapidly transported from intracellular stores to the cell cytoplasm. Until recently, knowledge of the presence of these proteins was limited to animals. We analyzed the TRIC family and identified a profusion of prokaryotic family members with topologies and motifs similar to those of their eukaryotic counterparts. Prokaryotic members far outnumber eukaryotic members, and although none has been functionally characterized, the evidence suggests that they function as secondary carriers. The presence of fused N-or C-terminal domains of known biochemical functions as well as genomic context analyses provide clues about the functions of these prokaryotic homologs. They are proposed to function in metabolite (e.g., amino acid/ nucleotide) efflux. Phylogenetic analysis revealed that TRIC channel homologs diverged relatively early during evolutionary history and that horizontal gene transfer was frequent in prokaryotes but not in eukaryotes. Topological analyses of TRIC channels revealed that these proteins possess seven putative transmembrane segments (TMSs), which arose by intragenic duplication of a three-TMS polypeptide-encoding genetic element followed by addition of a seventh TMS at the C terminus to give the precursor of all current TRIC family homologs. We propose that this family arose in prokaryotes.
Introduction
Trimeric intracellular cation-specific (TRIC) channels are critical for proper management of intracellular Ca 2? stores and successful excitation-contraction (E-C) coupling in animals (Yazawa et al. 2007 ). The family of these channel proteins (TRIC, TC 1.A.62) is divided into two mammalian TRIC channel subtypes: TRIC-A and TRIC-B. Although similar in structure and biochemical function, TRIC-A and TRIC-B have distinctive properties (Yazawa et al. 2007 ). As seen in the Conserved Domain Database (CDD), both subtypes feature proteins that contain the TRIC conserved domain. Characteristic of all TRIC subtypes is their permeability to monovalent ions, with a preference for potassium. As putative ion channels, TRIC proteins translocate these monovalent ions across intracellular membranes in an energy-independent process (Gadsby 2009) .
TRIC channels are expressed in mammalian cell types, where TRIC-A is found primarily in excitable tissues, particularly in the brain and striated (skeletal and cardiac) muscle, and TRIC-B is globally expressed throughout most mammalian tissues (Yamazaki et al. 2009a) . Prior research revealed that the cation-selective TRIC-A channels are scattered throughout the sarcoplasmic reticulum (SR) of muscle cells but absent in cell-surface membranes. Skeletal muscle TRIC-A-negative cells exhibit SR instability and Ca 2? overload (Zhao et al. 2010) . Similarly, TRIC-B channels were shown to localize to the surface of the endoplasmic reticulum (ER) (Yazawa et al. 2007 ). Moreover, TRIC-A is regulated strongly by transmembrane voltage, whereas Electronic supplementary material The online version of this article (doi:10.1007/s00232-011-9364-8) contains supplementary material, which is available to authorized users.
TRIC-B is activated by different mechanisms, thereby providing maximal flexibility and scope for facilitating monovalent cation flux across the SR membrane (Pitt et al. 2010) . The evidence strongly suggests that TRIC channels localize to membranes that house the intracellular Ca 2? stores and facilitate Ca 2? ion transport across internal membranes of mammals (Yazawa et al. 2007; Zhao et al. 2010) .
Controversial findings regarding TRIC channel hydropathy properties have led to the proposal that a single TRIC monomer contains three transmembrane segments (TMSs) (Yazawa et al. 2007 ). The amino terminus of the TRIC subunit is oriented toward the SR/ER lumen, whereas the carboxy terminus is oriented toward the cytoplasm (Yazawa et al. 2007 ). It was proposed that a hydrophobic loop between the first and second TMSs contributes to the ion-conducting pore. TRIC subunits associate to form homotrimers with a triangular pyramidal structure (Yazawa et al. 2007 ) and, therefore, have a quaternary structural resemblance to P2X channels (TC 1.A.7) (Mio et al. 2005 ) and some bacterial porin channels (TC 1.B.1) (Cowan et al. 1992) . TRIC channels have an affinity for potassium over sodium cations, with the permeability ratio being 1.5 (Yazawa et al. 2007) .
Both TRIC-A and TRIC-B channels are instrumental in E-C coupling in striated muscle (Pitt et al. 2010 ). In the SR, the propagation of an action potential triggers the opening of the L-type Ca 2? channels on the T-tubule surface. External Ca 2? enters the skeletal/cardiac muscle cell cytoplasm until SR membrane-bound ryanodine receptors (RyR, TC 1.A.3) detect the increase in concentration (Meissner 1994) . A Ca 2? -induced Ca 2? release (CICR) event stimulates release from the SR into the cytoplasm, promoting muscle contraction (Weisleder et al. 2008 ). In the ER, the action potential triggers voltage-induced Ca 2? release (Rios et al. 1991 (Rios et al. , 1992 Schneider 1994) . Evidence suggests that membrane-bound K ? channels specifically counter the Ca 2? movement to neutralize the transient negative potential in the SR generated by calcium efflux (Fink and Stephenson 1987; Yamazaki et al. 2009b) .
Although not yet certain, it is likely that TRIC channels (both A and B subtypes) contribute to the neutralization of this negative potential (Weisleder et al. 2008; Zhao et al. 2010) .
Preliminary experiments have identified at least two kinds of K ? channels, both of which act to neutralize the transient luminal negative charge caused by Ca 2? release. With one being the TRIC channel(s) and the other a generic SR K ? channel, differences between the two are exhibited by the unhindered activity of the former in the presence of high decamethonium concentrations (Coronado and Miller 1980; Weisleder et al. 2008 ). E-C coupling allows rapid calcium release from intracellular stores into the cytoplasm of cardiomyocytes and skeletal muscle cells in order to facilitate muscular contraction and movement.
It is well known that eukaryotic cell signaling is dependent on the efficient translocation of Ca 2? ions from intracellular sources within the lumen of the SR into the cytoplasm (Weisleder et al. 2008) . Although current evidence implicates the TRIC-A protein in E-C coupling, primarily for counter-ion movement during Ca 2? release into the cytoplasm, the detailed process by which TRIC channels neutralize the transient negative charge has yet to be fully characterized (Pitt et al. 2010) .
Single knockout mutations, disrupting either of the TRIC subtypes, revealed contrasting effects on mammalian physiological responses. TRIC-A knockout experiments demonstrated that the genetically altered mice are otherwise healthy and maintain the ability to propagate. Alternatively, TRIC-B knockout mice suffer neonatal lethality (Yazawa et al. 2007 ). Normally abundant throughout most mammalian tissues, such as alveolar epithelial cells, the lack of TRIC-B expression results in respiratory dysfunction (Yamazaki et al. 2009a) . Although TRIC-A and TRIC-B are expressed at similar levels in the adult lung, TRIC-B is the more populous subtype in neonatal lungs (Yamazaki et al. 2009a) .
The study of TRIC-A and TRIC-B double knockout mice revealed weaker cardiac activity and a decline in cardiomyocyte development compared with wild-type mice (Pitt et al. 2010) . The strength of spontaneous cytoplasmic Ca 2? oscillations in these double knockouts is lower compared to wild-type progeny, indicating a compromised CICR response, due to limited RyR activity (Takeshima et al. 1998) . Evident from excess accumulation of intracellular Ca 2? stores, TRIC-A/TRIC-B double knockout mutants feature swollen SR/ER organelles (Yazawa et al. 2007 ).
This study focuses on the bioinformatic characterization of the TRIC family (Saier 2003a; Yen et al. 2009 ). Using TRIC subtype sequences from the TCDB Web site (www.tcdb.org), phylogenetic relationships were defined. Specifically, we established an evolutionary connection between the Mus musculus TRIC-A protein (GenBank index (gi) 121957073) and an archaeal protein, the Sulfolobus solfataricus P2 hypothetical protein SSO0012 (gi 15896983). Further statistical analyses allowed us to establish that TRIC homologs occur throughout the three domains of life (see Matias et al. 2010 and Wang et al. 2009 for methodology). The relationships of 342 TRIC homologs are demonstrated. Furthermore, our topological analyses of TRIC channels lead us to suggest that, in contrast to a previous suggestion that TRIC monomers possess three TMSs (Yazawa et al. 2007) , an intragenic duplication event played an essential role in their evolution where a genetic element encoding a primordial three-TMS precursor duplicated to give rise to a six-TMS sequence followed by the addition of one more TMS at the C terminus. This last event may have occurred by a gene fusion event, giving rise to the proposed seven-TMS topology, common to all recognized members of this family (Saier 2003b ).
Methods
Using the sequences (1) M. musculus TRIC-A (gi 121957073), (2) Chlamydomonas reinhardtii TRIC homolog (gi 159466938) and (3) S. solfataricus TRIC homolog (gi 15896983), PSI-BLAST searches (Altschul et al. 1997 ) were utilized to screen the nonredundant protein database in the National Center for Biotechnology Information (NCBI). Two iterations with a cutoff of e -4
were run. Corresponding search results were converted into TinySeqXML format, and all sequences were combined into a single file for analysis.
The sequences were screened with a 90% identity threshold using the MakeTable5 script ). This program eliminated all but one sequence from each set of redundant and similar proteins that shared [90% identity. Output files were as follows: the FASTA file with the protein sequences that share \90% identity with each other, a FASTA file containing the corresponding 16S and 18S ribosomal RNA sequences of the represented genera and a table containing protein abbreviations, descriptions, taxonomic origins, gi numbers, sizes, organisms, organismal phyla and organismal domains. The sequence descriptions were omitted, and fragments were eliminated. The results are presented in Table 1 .
The CLUSTAL X program (Thompson et al. 1997 ) was used to produce multiple alignments of (1) the prokaryotic protein set, (2) the eukaryotic protein set and (3) all proteins combined. From multiple alignment (3), a neighbor-joining phylogenetic tree was produced and depicted with the TreeView and FigTree applications, which gave comparable results ; http://tree.bio.ed.ac.uk/software/ figtree/). Individual protein sequences that were subjected to topological analyses were examined using the WHAT program (Zhai and Saier 2001a) as well as the TMHMM 2.0 (Krogh et al. 2001 ) and the HMMTOP programs Simon 1998, 2001 ). Predictions of average hydropathy, amphipathicity and similarity among multiply aligned protein sequences were made using the default settings of the AveHAS program (Zhai and Saier 2001b) .
To validate prokaryotic-eukaryotic TRIC protein homology, internal similarities and repeats, several statistical methods were used. Among them, the IC(Faa2) program was used to compare sequences ). The GAP program (Devereux et al. 1984) was then used to confirm the highest matching pairs of sequences as identified by the IC(Faa2) program and to display the alignments.
According to our statistical criteria, homology was established when the GAP comparison score was 10 standard deviations (SDs) or higher, which corresponds to a probability of 10 -24 or less that the degree of sequence similarity between the two proteins occurred by chance (Saier 1994; Saier et al. 2009; Yen et al. 2009 ). Scores were optimized by removing unpaired regions and minimizing gaps with retention of at least 60 contiguous residues.
To further substantiate homology and internal repeats, additional programs were used. The GGSEARCH program of the FASTA package from the University of Virginia (http://fasta.bioch.virginia.edu/fasta_www2/fasta_list2.shtml) was used to align the prokaryotic and eukaryotic sequences in order to determine significant similarity between the two sets. Using a threshold of e -3 , which gives evidence for homology, this program supported the conclusion of homology between prokaryotic and eukaryotic sequences and between the first three TMSs compared to the second three TMSs.
HMMER 2.0 (http://hmmer.janelia.org) was also used to substantiate homology (Eddy 1998 (Eddy , 2008 . The purposes of this study required three applications within the HMMER 2.0 program to facilitate similarity analysis. Both sets of sequences (prokaryotic and eukaryotic homologs) and both sets of halves (internal repeats) were used to generate a profile: the hmmbuild component transformed the input set of sequences into a profile, which was used as a consensus sequence for comparison against an input database comprised of the second set of sequences; the hmmcalibrate component refined the profile to achieve more accurate results; the hmmsearch mode was involved in aligning the profile sequence with the database set, where halves were compared against each other and prokaryotic and eukaryotic homolog sets were compared against each other. The commands for HMMER are as follows:
The output file featured the alignment results for sequences best matching the profile. MEME analyses were performed to provide further support for prokaryotic vs. eukaryotic TRIC homology relationships (Bailey and Elkan 1995) . Default settings for MEME were maintained except for two parameters: the range of motif length (in amino acyl residues) and the maximal number of distinctive motifs. The former was set at six residues minimum and 25 residues maximum, and the latter was set at six motifs. The eukaryotic TRIC protein set comprised the first set of results. Limitations of input size of the MEME program necessitated splitting the prokaryotic protein set, giving two sets of results for the prokaryotic group. In order to compare the eukaryotic and prokaryotic consensus sequences, the matching regions of the two sets of prokaryotic sequences were combined. SEED analyses were conducted to predict possible functions of prokaryotic homologs. Genome context analyses were performed using the SEED comparative genomics database (Overbeek et al. 2005) , which can be found at http://seed-viewer.theseed.org/. Selected proteins from all prokaryotic clusters were used as query sequences to identify the 20 closest homologs in the SEED database to determine the genome context of regions encoding TRIC family homologs. Predicted functions of the prokaryotic sequences were based on the association and coregulation of known proteins in the corresponding operons and surrounding regions. The analyses reported represent those which allowed reasonable prediction of function for the TRIC homologs. Supplementary material can be found at the following web address: http://www.biology.ucsd.edu/ *msaier/supmat/TRIC/index.html.
Results

Prokaryotic and Eukaryotic TRIC Homologs
In order to retrieve homologs of the mouse TRIC-A protein (gi 121957073), this protein was used as the query sequence in an NCBI PSI-BLAST search with two iterations with a cutoff of e -4 . Two of the proteins obtained were homologs from the alga C. reinhardtii (gi 159466938) and the archaeon S. solfataricus (gi 15896983). These proteins as well as the mouse TRIC-A protein were used as query sequences in further BLAST searches, as described in Methods.
Proteins obtained were then multiply aligned using the CLUSTAL X program, and the sequences were visually assessed for completeness. Fragmentary sequences were removed, leaving 342 proteins, which were included in our primary studies and multiply aligned (Fig. S1-1 , http:// www.biology.ucsd.edu/*msaier/supmat/TRIC/index.html). These proteins are arranged in alphabetical order of their abbreviations in Table S1 and a corresponding table, where the proteins are listed according to phylogenetic cluster (Fig. 1) , with proteins within each cluster arranged according to position within that cluster (Table 1) . Neighbor-joining phylogenetic trees, generated using TreeView or FigTree ; http://tree.bio.ed.ac.uk/software/figtree/) (Fig. 1) revealed 15 phylogenetic clusters. The corresponding dendogram is shown in Fig. S2 .
Multiple Alignments of TRIC Family Homologs
The multiple alignment of all 342 TRIC family homologs is shown in Fig. S1-1 , while the multiple alignment for the Proteins are organized by cluster in order of their positions in the phylogenetic tree (Figs. 1, 2 ). Taxonomic origins, gi numbers, sizes, organismal phyla and organismal domains are provided. The average sizes of the proteins of a cluster ± SD are featured below each cluster prokaryotic proteins is shown in Fig. S1 -2 and the multiple alignment for the eukaryotic proteins is shown in Fig. S1-3 . Figure S1 -2 features 299 prokaryotic homologs, one of which may be a mitochondrial protein from the plant Ostreococcus tauri since it clusters with a-proteobacterial homologs (Lang et al. 1999) . Since the protein is distantly related to the other members of this cluster, it may have been obtained by vertical descent from an a-proteobacterium, the mitochondrial precursor, rather than by horizontal transfer (Lerat et al. 2005; Woese 2000) . The multiple alignment of the 299 prokaryotic sequences reveals four fully conserved residues: G, D, G and Y. The first G is near the C terminus of TMS 2, where three glycine residues are adjacent to each other in most of the homologs. The D appears at the N terminus of TMS 4. The second conserved G occurs in TMS 5, where again we find either two or three adjacent glycines, as observed in TMS 2 (see above). Finally, the fourth fully conserved residue is a Y in the N terminus of TMS 6. Figure S1 -3 features 43 eukaryotic homologs and reveals three fully conserved residues, W, P, and G, where the W and P occur in the most conserved parts of the proteins, in TMS 3, while the fully conserved G appears in TMS 5. Examination of TMSs 2 and 5 reveals that in both regions there exist two or three well conserved consecutive Gs, as observed for the prokaryotic proteins. The first two of the three fully conserved residues are part of a well-conserved motif, which is , where residues in parentheses represent alternative possibilities at a single position and X indicates any residue. While the W and P are fully conserved (*), the two Ys can be replaced only by related aromatic residues (:) and the (DN) at motif position 10 includes more distantly related similarities (.). The first Y is substituted by W only in the three most divergent proteins, while the second Y is only substituted by F. Interestingly, none of the fully conserved residues in the prokaryotic homologs is fully conserved in the eukaryotic homologs.
Phylogenetic, Organismal and Size Analyses of TRIC Family Homologs
The phylogenetic tree for all TRIC family members analyzed in this study is shown in Fig. 1 , while the 342 proteins are tabulated according to cluster in Table 1 . These proteins exhibit a surprising degree of size homogeneity, with only two clusters showing appreciable variation. Cluster 1 includes all eukaryotic proteins that average 301 residues and are roughly 90 residues (45%) larger than the prokaryotic proteins with the sole exception of Cluster 15, which has an average size of 263 residues. The larger sizes and size variation of the eukaryotic proteins are due primarily to hydrophilic extensions at both the N and C termini. The larger prokaryotic Cluster 15 proteins, all from Actinobacteria, reflect the presence of strongly hydrophilic C-terminal extensions. In addition to these size variations, the average sizes of all the prokaryotic clusters range between 206 and 221 residues, a most surprising degree of size conservation.
The organismal distributions of these proteins are provided in Table 1 . The eukaryotic Cluster 1 proteins are all derived from animals, both vertebrates and invertebrates, with the sole exception of a single algal homolog from C. reinhardtii. Cluster 2 includes proteins from the Actinobacteria; the a-, b-and c-proteobacteria; Deinococcus; and Thermus. Cluster 3 includes proteins from d-proteobacteria, with the single exception of one firmicute protein. Cluster 4 includes proteins from a-, b-and e-proteobacteria as well as Actinobacteria. Cluster 5 features homologs only from the a-and c-proteobacterial classes. Cluster 6 proteins are from Bacteroidetes, with the exception of three c-proteobacterial homologs and one spirochete protein. The three Cluster 7 proteins and the two Cluster 9 proteins derive exclusively from c-proteobacteria. Fig. S1 . Protein labels were removed but are presented in Fig. S2 . Bold numbers refer to the 15 clusters (see Table 1 ). Cluster 1, shown at the bottom of the tree, features the eukaryotic TRIC protein sequences. Clusters 2-15 feature the prokaryotic TRIC family homologs, with the lone eukaryotic sequence, Ota1, in Cluster 10. Protein abbreviations and characteristics are included in Tables 1 and S1 Cluster 8 features mostly proteins from b-proteobacteria, with two c-proteobacterial and one Chloroflexi protein. The majority of Cluster 10 homologs derive from a-proteobacteria, with the exception of two c-proteobacterial proteins and one plant protein, which could be localized to mitochondria. Cluster 11 includes proteins primarily from c-proteobacteria; but three are from b-proteobacteria, and one each is from an a-and a d-proteobacterium. Verrucomicrobia, Bacteroidetes and Planctomycetes are also sparsely represented. Cluster 12 displays bacterial homologs from Firmicutes and e-proteobacteria as well as archaeal homologs from Crenarchaeota and Euryarcheaota. The bacterial and archaeal Cluster 13 contains proteins from d-proteobacteria and Crenarchaeota. Cluster 14 contains proteins from Firmicutes, whereas Cluster 15 contains proteins from Actinobacteria. In conclusion, the clusters exhibit characteristic features with distinctive size ranges and organismal representations. Many of the proteins present in underrepresented organisms may have been obtained by horizontal gene transfer (see below). Figure 2 shows the phylogenetic relations of complete 16S and 18S rRNA sequences of the genera explored in this study. This unrooted tree was produced using the neighborjoining method and the FigTree program (http://tree. bio.ed.ac.uk/software/figtree/). The bulk of these sequences are of bacterial origin and encompass a wide variety of bacterial genera. Opposite to the bacterial genera is an intermediate-sized collection of eukaryotic 18S rRNA sequences. Although most of these sequences are derived from the animal kingdom, there are a couple of sequences that derive from the green algal kingdom (Chlamydomonas and Ostreococcus). The smallest cluster is comprised of archaeal 16S rRNA sequences. Most genera represented in this study are depicted in this tree with the exception of the few unclassified proteins. Genera excluded from the tree are Tetraodon, Taeniopygia, Macaca, Pan, Tribolium, Pedobacter, Eubacteria and Bermanella. They were excluded either because of their known close relationships with included genera or because the 16/18S rRNA could not be found.
Orthologous Relationships of TRIC Family Proteins
The 16S/18S rRNA tree reveals that the majority of the genera further segregate according to the specific phylum and class. The bacterial section of the phylogenetic tree is characterized by close clustering of the a-, b-, c-, d-, e-and f-proteobacterial sequences. As expected, the b-and c-proteobacterial sequences are closer together than the rest of the proteobacterial sequences, as shown at the top of the tree. Although there are two distinct c-proteobacterial clusters and one distinct b-proteobacterial cluster, there exists between them a single mixed cluster comprised of one b-and two c-proteobacterial rRNA sequences, Thiobacillus, Stenotrophomonas and Xanthomonas, respectively. However, it is not surprising to have intermingling of these rRNA sequences since the b-and c-proteobacteria diverged most recently in proteobacterial evolutionary history and therefore share more similarities. The a-proteobacterial rRNAs cluster closest with the d-proteobacterial rRNAs at the left side of Fig. 2 . A single 16S rRNA sequence from Mariprofundus derives from a f-proteobacterium, which diverges from the other clusters, in between the b-and c-proteobacterial rRNAs and the a-and d-proteobacterial rRNAs. The e-proteobacterial sequences also exhibit clear divergence from the other proteobacterial clusters. Seen at the bottom left-hand side of the figure, the bacterial cluster of the 16S/18S rRNA tree includes a cluster of firmicute rRNAs with a single spirochete rRNA sequence, a branch where a single Planctomyces rRNA can be found and a cluster including rRNAs from Verrucomicrobia, Deinococcus-Thermus, Chloroflexi and Actinobacteria. A Bacteroidetes cluster contains one sequence showing divergence from the rest of the cluster. The archaeal cluster (most from Crenarchaeota) lies in between the bacterial and eukaryotic clusters. The eukaryotic 18S rRNA sequences cluster together and separately from the I6S rRNAs from prokaryotes.
Orthologous relationships between homologs are best determined by comparing clustering patterns between the protein tree and the rRNA tree. Due to lateral gene transfer events, which occurred frequently in prokaryotes but not eukaryotes, orthology among the former organisms is frequently not observed, as discussed below.
Cluster 1 (Fig. S3-1) consists entirely of eukaryotic homologs, all but one from animals. The one exception is from C. reinhardtii (Cre1). At the top of the tree are six probable Drosophila orthologs, each derived from a different species. The next set of proteins as we progress clockwise around Fig. S3-1 shows four proteins that branch from points near the center of the tree. Two of these proteins, Cin1 and Cin2, are from the sea squirt; another protein, Cre1, is from an alga; and the last, Nve1, is from a sea anemone. The next subcluster includes potential TRIC-A orthologs, where the three fish proteins cluster together, the amphibian protein clusters separately but next to two bird proteins and, finally, five mammalian proteins cluster together. This arrangement is fully consistent with orthology. Continuing clockwise, the next subcluster includes putative TRIC-B orthologs. Once again, the mammalian proteins cluster together, separately from the amphibian, bird and fish orthologs, each comprising its own subcluster. It should be noted that the TRIC-B subcluster is much less compact than the TRIC-A subcluster, reflective of their greater sequence divergence. Next are two Branchiostoma paralogs, followed by the Caenorhabditis proteins. These latter proteins represent two sets of paralogs present in two closely related worms, C. elegans and C. briggsae. The remaining seven proteins that cluster loosely together with the worm proteins are all derived from insects and appear to be orthologous. Finally, Hma1 from Hydra magnipapillata branches from a point near the center of the tree, surprisingly distant from the sea anemone and the sea squirt. It seems likely that these distantly related proteins are not orthologs.
Cluster 2 consists of proteins derived from a wide range of organisms including both gram-negative and grampositive bacteria. The Proteobacterial homologs cluster roughly together (upper left of Fig. S3-2) . However, it is clear that these proteins are not orthologous to each other since the a-, b-and c-proteobacterial proteins are interspersed. The only clusters that exhibit relationships consistent with orthology (indicated in the clockwise direction) are the three proteins Rxy1, Mgi1 and Msp6; the three proteins Dge1, Taq1 and Tth1,; and the large cluster containing Mab1, Ser1 and seven orthologs from seven different Streptomyces species.
Cluster 3 (Fig. S3-3) shows a group of d-proteobacterial proteins, derived from species of Geobacter and Pelobacter, with the single exception of a firmicute protein, derived from Desulfotomaculum. While there are probable paralogous relationships, there is no indication of orthology.
Cluster 4 is large and complex, containing 10 subclusters. These are numbered in Fig. S3-4 . The proteins derive from a-, b-, c-and e-proteobacteria as well as Actinobacteria. Fig. 2 Phylogenetic tree of 16S/18S rRNA sequences including most of the genera included in this study. Tetraodon, Taeniopygia, Macaca, Pan, Tribolium, Pedobacter, Eubacteria and Bermanella are not shown. Most sequences are from bacteria; bacterial sequences comprise the largest cluster, eukaryotic sequences comprise a smaller group and archaeal sequences comprise the smallest group. Each cluster is labeled with respect to its domain (large bold print), phylum and class (medium-sized print). Each branch is labeled by the genera represented Subcluster 1 consists of c-and e-proteobacterial homologs that segregate as expected according to proteobacterial class. Thus, all c-proteobacterial proteins group together, and all e-proteobacterial proteins group together. However, neither of these clusters consists exclusively of orthologs. For example, in the e-proteobacterial cluster, Campylobacter proteins flank the Helicobacter homolog. Proteins from subclusters 2, 3 and 4 derive exclusively from c-proteobacteria. While subclusters 2 and 3 do not appear to consist of orthologs, the relative phylogenetic distances observed in subcluster 4 are consistent for orthology. The same is true for subcluster 5, which consists of five probable orthologs from Corynebacteria. Subcluster 6 consists of a single protein from Alcanivorax. Subclusters 7-10 all appear to exhibit intermixing. In general, it appears that horizontal transfer has occurred extensively in the Proteobacteria. The appearance of a group of orthologous corynebacterial proteins within Cluster 4 suggests that, while no horizontal transfer has occurred between these proteins, they may have acquired them by horizontal transfer from a c-proteobacterium in a single step prior to the divergence of the corynebacterial species. The relationships of the three members in Cluster 5 (Fig. S3-5 ) are similarly inconsistent with orthology.
Cluster 6 (Fig. S3-6 ) consists primarily of proteins from the Bacteroidetes phylum except for one spirochete (Lbi1) and three tightly clustering c-proteobacterial proteins. Interestingly, Lbi1 clusters loosely with Asp6 from Algoriphagus, while the three c-proteobacterial proteins cluster with Capnocytophaga. Subclusters 1 and 2 consist of proteins from various Bacteroidetes genera, but the order of these proteins differs from that of the rRNAs, suggesting either that there has been horizontal transfer of these protein genes or that there is substantial error in the corresponding parts of one of these trees. Subcluster 3 contains Cps1 from Capnocytophaga (within the Bacteroidetes phylum) and three closely related c-proteobacterial orthologs, Hpa1, Mha1 and Apl1. It seems likely that a gene transfer event from a Bacteroidetes species to the common ancestor of the three c-proteobacteria occurred just once. Subcluster 4 includes five proteins, four of which are probably orthologs. However, the fifth protein, Lbi1, is from the spirochete Leptospira. This is another clear example of horizontal gene transfer from a Bacteroidetes species to another bacterial phylum. Finally, subcluster 5 features 11 proteins derived from closely related members of the Bacteroidetes phylum that may well be orthologous and therefore serve a single function in all of these organisms. Cluster 7 (Fig. S3-7) consists of three proteins, all derived from Psychrobacter species, which are likely to be orthologous and serve a single function.
Cluster 8 (Fig. S3-8) includes two subclusters at the top and bottom of the tree. The top subcluster consists of four sub-subclusters, the most distant derived from c-proteobacteria. With one exception, all remaining proteins in this subcluster are derived from b-proteobacteria. The one exception, Hau1, is derived from a distant bacterial phylum, Chloroflexi. It seems likely that the last mentioned protein was obtained by Herpetosiphon by horizontal transfer from a b-proteobacterium. In the lower subcluster, all proteins may be orthologous including Bce1 and Bce4, which are derived from two different strains of Burkholderia cenocepacia. However, the closeness of Cta1 and Rme1 suggests that one of these two proteins may have been the product of horizontal gene transfer. Cluster 9 (Fig. S3-9 ) features only two probable orthologs from two closely related genera, Alteromonas and Pseudoalteromonas.
Cluster 10 (Fig. S3-10 ) includes proteins from a-proteobacteria with three exceptions, two from c-proteobacteria and one from the alga Ostreococcus. This last may well be a mitochondrial protein because the ancestor of mitochondria was an a-proteobacterium. Perhaps the two c-proteobacterial proteins derived from an a-proteobacterium by horizontal transfer. It is interesting to note that the plant and the two c-proteobacterial proteins together with one a-proteobacterial protein, Oal1, cluster together (subcluster 3), while all proteins in other subclusters are derived from a-proteobacteria. Subclusters 1, 2, 4 and 5 appear to consist of sets of orthologs and this might be true of subcluster 6 as well; however, several discrepancies between the proteins in subcluster 6 and the corresponding genera of the rRNA tree suggest that horizontal gene transfer may have occurred among these closely related species.
Cluster 11 (Fig. S3-11 ), like Cluster 10, is somewhat complex. This tree can be subdivided into three primary subclusters. The top subcluster 1 is surprisingly diverse with members from four phyla (Proteobacteria, Bacteroidetes, Verrucomicrobia and Planctomyces), and among the Proteobacteria we have representatives from the a, b, c and d classes. While most of these proteins are distantly related to each other, we nevertheless note that these orthologs are intermixed, suggestive of trans-phylum genetic exchange. In contrast to subcluster 1, subcluster 2 is derived exclusively from c-proteobacteria; and the relationships of the proteins are in agreement with orthology. Subcluster 3 is derived from c-proteobacteria with one exception, Vba1 from a distinct phylum, Verrucomicrobia. This protein is an obvious candidate for horizontal gene transfer. It appears that subcluster 3 consists of a collection of orthologs with some paralogs specifically from species of Pseudoalteromonas and related genera.
Cluster 12 (Fig. S3-12) features two subclusters at the top and bottom of the tree. The top subcluster consists exclusively of Firmicutes, and many of the proteins may be orthologs. However, the positions of some of the proteins are indicative of horizontal transfer. For example, the Paenibacillus and Geobacillus proteins cluster more closely in the protein tree than the Exiguobacterium homolog, although the opposite relationship is observed in the rRNA tree. Note that the Geobacillus and Anoxybacillus proteins cluster within the large group of Bacillus proteins. Comparison with the rRNA tree leads us to suggest that these latter two genera actually represent a subdivision of the bacilli. Most of the proteins in the bottom subcluster are derived from archaea, but three bacterial proteins are also present. These three proteins are distantly related to each other as well as the Methanococcus sequence, Mma2, the only homolog in this subcluster from the Euryarchaeota. All remaining archaeal proteins, which cluster relatively closely together, are members of the Crenarchaeotal phylum. The sub-subcluster of five proteins to the left is derived from Pyrobaculum species with the single exception of a Thermoproteus protein, Tne1, which is very similar to the Pis1 protein from Pyrobaculum. These two genera are closely related to each other, so it is not possible to determine if these proteins are orthologs or arose by horizontal transfer. If the former, Thermoproteus may truly belong to the Pyrobaculum genus.
Cluster 13 (Fig. S3-13 ) consists of only six proteins from two d-proteobacteria (Sac2 and Dvu1), one f-proteobacterial protein (Mfe1) and three putative crenarcheaotal proteins (Nma1, Orf4 and Orf7) at the bottom of the tree. In view of the fact that two of the latter proteins were obtained from uncultured and unclassified Crenarchaeota, little can be said about orthologous relationships within this cluster. The five Cluster 14 proteins (Fig. S3-14) derive from Firmicutes and exhibit phylogenetic relationships that are clearly inconsistent with orthology. Finally, only two Actinobacterial proteins comprise Cluster 15 (Fig. S3-15 ), so nothing can be said about their potentially orthologous relationship.
Establishment of Homology and Motif Analyses of Prokaryotic and Eukaryotic Proteins
Eukaryotic TRIC-A homologs were shown to be homologous to a much larger group of prokaryotic proteins of the same topology. Two proteins in TCDB are the eukaryotic mouse TRIC-A protein (TC 1.A.62.1.1, Acc Q3TMP8) and the prokaryotic (archaeal) S. solfataricus protein (TC 1.A.62.3.1, Acc Q981D4). The former protein is closely related to a frog homolog (Acc Q6GN30) where the two proteins gave an e value of e -70 with BLAST. The latter protein is closely related to a Bacteroides protein (Acc A0M015) with a BLAST e value of e -26 . Comparison of the frog protein with the Bacteroides protein using the IC program, confirmed with the GAP program, yielded a comparison score of 13.9 SD (Fig. 3) . This value is in excess of what is required to establish homology (Saier 1994; Saier et al. 2009 ). This alignment shows 22.1% identity and 33.8% similarity. Invoking the superfamily principle, these values are sufficient to establish homology between the prokaryotic and eukaryotic proteins (Doolittle 1981 (Doolittle , 1986 .
Two more alignment comparison programs were used to confirm these results. Using GGSEARCH, which implements the Needleman-Wunsch algorithm and has an e-value threshold of e -3 to suggest homology, a comparison of the sole eukaryotic cluster against all the prokaryotic clusters yielded an e value of 0.00013, comparing the Acyrthosiphon pisum homolog (gi 193594177) with the Haemophilus somnus homolog (gi 133460555). Furthermore, a second test using the homologs of the prokaryotic clusters as the first set and the eukaryotic cluster as the second set generated several e values, the most significant of which was 0.015 from the same pair of homologs. The other standardized comparison program used, HMMER 2.0, requires a profile hidden Markov model input and a profile hidden Markov model database to assess protein relationships and uses an e-value threshold of 0.1 (Eddy 1998) . With the eukaryotic cluster as the profile HMM and the prokaryotic cluster as the HMM database, the comparison gave an e value of 0.07 when the profile was paired with a Syntrophus homolog (gi 85859719). Similarly, with the prokaryotic cluster as the profile HMM and the eukaryotic cluster as the HMM database, an e value of 0.0011 resulted when the profile was paired with a Nasonia homolog (gi 156546697) from Table 1 .
In order to corroborate these results, the MEME program (Bailey and Elkan 1995) was used to identify three conserved motifs which shared common features between the eukaryotic and prokaryotic homologs. For this purpose, all of the 43 eukaryotic homologs as well as the 299 prokaryotic homologs listed in Table 1 were used. Figure 4 shows these three motifs where the eukaryotic consensus motif (top) is aligned with the prokaryotic consensus motif (bottom). Limitations of the MEME program disallowed the input of all prokaryotic sequences in a single run, so the sequences were randomly split into two separate runs. The resulting consensus motifs were nearly identical between the two prokaryotic groups and are therefore reported as a single prokaryotic entity for each motif (refer to Fig. 4) . Figure 4 demonstrates the alignments of the corresponding prokaryotic and eukaryotic motifs. Motif 1 occurs in TMS 1 in both prokaryotic and eukaryotic proteins. The alignment shows 54% identity and 62% similarity with no gaps when using the approach shown in Fig. 4 . Motif 2 occurs in TMS 2. This motif contains 38% identity and 77% similarity with no gaps. Motif 3 occurs at the end of TMS 3 and the beginning of the loop region between TMSs 3 and 4, where there is 42% identity and 58% similarity with one gap in the prokaryotic motif. These results further support the conclusion that the eukaryotic and prokaryotic proteins share a common origin, possibly providing related functions. They therefore belong to a single family.
Topological Analyses of Eukaryotic and Prokaryotic TRIC Family Homologs
The multiple alignments shown in Figs. S1-1 (all 342 proteins), S1-2 (prokaryotes) and S1-3 (eukaryotes) were used to generate average hydropathy and similarity plots using the AveHAS program (Zhai and Saier 2001b) . These plots are shown in Fig. 5a -c, respectively. Sequence analyses described below led to the conclusion that the region in the alignment between alignment positions 180 and 240 in Fig. 5a represents the first TMS, which is spread out due to the presence of several gaps in the multiple alignment. Peaks 2-7 follow as labeled. It can be seen that the transmembrane region is flanked by extensive hydrophilic regions, about 170 alignment positions in both the N-and C-terminal regions. In the far N-terminal region of the plot, a strong hydrophobic peak is observed, followed by a long hydrophilic region immediately preceding the first TMS. The hydrophobic peak, found in the single protein, Dgr1 of Drosophila grimshawi, could be a targeting sequence for the general secretory apparatus. The following hydrophilic region of 100 residues occurs in numerous Drosophila species, and these proteins are presumably orthologs of each other. No conserved domain was recognized by CDD. Hma1, from Hydra magnipapillata, had a 94-residue N-terminal extension found in numerous eukaryotic proteins. Proteins containing this region of homology exhibit overlapping PHD/BAH finger domains involved in protein-protein interactions. They include the chimeric MOZ-ASXH2 fusion protein of Homo sapiens (Acc BAD00088), many MYST histone acetyltransferases (e.g., Acc CAM14129) and the monocytic leukemia zinc finger protein of Danio rerio (Acc AAT11171). Three homologs, Tni1 of the pufferfish, Cbr1 of the roundworm and Cre1 of the alga C. reinhardtii, had hydrophilic C-terminal extensions that showed no sequence similarity with each other or any other protein in the NCBI protein database.
The prokaryotic AveHAS plot was much clearer than that of the eukaryotic homologs (Fig. 5b) . Seven peaks of hydrophobicity correspond to the seven putative TMSs. Charge analysis, using the positive-inside rule, confirmed the topological orientation of the loops that connect the prokaryotic TMSs (von Heijne 1986 (von Heijne , 1992 with the N termini outside and the C termini inside. In fact, there were no discrepancies; all putative cytoplasmic loops bore more Ks and Rs than any of the putative extracytoplasmic loops, as quantified in Fig. 5a -c. This tendency is not as clearly seen in the average hydropathy plot of the eukaryotic cluster because the positive-inside rule is less pronounced for eukaryotic proteins (Gafvelin et al. 1997) , as seen in Fig. 5a . Fig. 3 Alignment of a major segment of a eukaryotic TRIC homolog with the corresponding segment of a prokaryotic TRIC homolog. This alignment was used to establish homology among TRIC proteins of eukaryotes and prokaryotes. The eukaryotic group is represented by a Xenopus laevis protein (gi 147900352, Acc Q6GN30); the prokaryotic group is represented by a Gramella forsetii protein (gi 117577491, Acc A0M015). The IC program was used to identify the most similar pair of proteins. The GAP program was used to produce the alignment and confirm homology with default settings and 500 randomized shuffles, which gave a comparison score of 13.9 SD. The residue positions are denoted by numbers at the beginning and end of each line. The alignment shows identity of 22.1% and similarity of 33.8%. The plot reveals identities (|), conserved substitutions (:), and more distantly conserved substitutions (.) Poorly conserved hydrophilic N and C termini were present in most of these proteins. A domain within the homolog, Ota1 of Ostreoccocus tauri, proved to be related to a FlgB domain found also in several basal body proteins (FlgB, FlgC, FlgE, FlgF, FlgG and FlgK) of the bacterial flagellum (Wong et al. 2007 ) with as much as 46% identity and 59% similarity between Ota1 and various FlgB homologs. In addition, the same region showed similar degrees of identity and similarity with a central hydrophilic region between TMSs 7 and 8 in RND-type multidrug resistance pumps. At the C termini of two actinobacterial homologs, both from Corynebacteria, Cur1 and Cje2, C-terminal extensions were present that showed no sequence similarity with other proteins. Figure 5c presents the average hydropathy plot for the 342 eukaryotic and prokaryotic proteins included in this study.
Evolutionary Origin of TRIC Family Proteins
Many, perhaps most, integral membrane transporters have arisen by intragenic duplication events (Saier 2003b) . We therefore examined the TRIC family homologs from both prokaryotes and eukaryotes for repeat sequences that would indicate the evolutionary origins of these proteins. All prokaryotic and eukaryotic TRIC family homologs proved to be homologous throughout their lengths, and consequently, the superfamily principle could be applied to look for internal repeats using the IC and GAP programs . Representative results are presented in Fig. 6 , which shows an alignment of TMSs 1-3 of a TRIC family homolog from Shewanella amazonensis (gi 119775597) with TMSs 4-6 of a second homolog from the Nitratiruptor genus (gi 152990839). This alignment shows 40.0% identity and 53.3% similarity.
Using IC and confirming with GAP, this alignment gave a comparison score of 19.4 SD, far in excess of what is required to establish homology (Saier 1994; Yen et al. 2009 ). TMS 7 showed no sequence similarity with other regions of the homologous proteins.
In order to confirm the presence of the three-TMS repeat sequence, several control experiments were conducted. In order to eliminate the hydrophilic vs. hydrophobic contrast, the hydrophilic loops were removed and the remaining hydrophobic helices were artificially fused. Using the same two proteins as listed above, TMSs 1-3 of the Shewanella protein were compared with TMSs 4-6 and 5-7 of the Nitratiruptor protein and TMSs 2-4 of the Shewanella protein were also compared with TMSs 5-7 of the Nitratiruptor protein. In the first example (TMSs 1-3 vs. TMSs 4-6), all three TMSs aligned, and the comparison score was 15.7 SD. In the second comparison (TMSs 1-3 vs. TMSs 5-7), TMSs 2 and 3 aligned with TMSs 5 and 6, and the comparison score was 11.7 SD. Finally, when TMSs 2-4 were aligned with TMSs 5-7, again TMSs 2 and 3 aligned with TMSs 5 and 6 with a comparison score of 11.0 SD. This control served two purposes: (1) to show that elimination of the hydrophilic residues did not prevent retention of good comparison scores and (2) regardless of the three-TMS comparisons, the program always aligned TMSs 2 and 3 with TMSs 5 and 6. With this evidence, we therefore conclude that these proteins arose by duplication of a three-TMS-encoding gene segment giving rise to six TMS proteins to which a seventh TMS of unknown origin was added at the C terminus. Our favored evolutionary pathway is represented in Fig. 7a , along with two other possible pathways (Fig. 7b, c) .
Another control that was performed was to compare 100 different repeat 1 sequences (TMSs 1-3) with 100 different Fig. 4 MEME analysis and alignment of the eukaryotic vs. prokaryotic conserved motifs. Motif 1 occurs in TMS 1 for both eukaryotic and prokaryotic sets. The alignment exhibits conserved residues of 54% identity and 62% similarity with no gaps. Motif 2 occurs in TMS 2 for both sets. The alignment exhibits 38% identity and 77% similarity with no gaps. Motif 3 occurs at the end of TMS 3 and the beginning of the loop region between TMSs 3 and 4. The alignment exhibits 42% identity and 58% similarity with one gap (-) in the prokaryotic consensus motif. Residues in brackets represent alternative possibilities at any one position, with the dominant residue presented first. Percent identity and similarity are as defined here and for the GAP program repeat 2 sequences (TMSs 4-6) of the TRIC proteins. These were compared with results obtained when either repeats 1 of the TRIC proteins was compared with repeats 2 (TMSs 5-7) of the microbial rhodopsins (TC 3.E.1) or repeats 2 of TRIC proteins were compared with repeats 1 (TMSs 1-3) of microbial rhodopsins (Kuan and Saier 1994; Zhai et al. 2001) . Using the IC2 program, which is essentially the same as IC, except that it uses a cutoff to eliminate low comparison scores, 36 high scores were obtained when the two repeat sequences of the TRIC proteins were compared but only one such score was obtained when the three-TMS repeat elements of the TRIC proteins were compared with the three-TMS repeat elements of the microbial rhodopsins. This control also substantiated the significance of the statistical data responsible for concluding that TRIC family proteins contain two adjacent three-TMS repeat elements.
To further confirm the IC and GAP results for this internal duplication, two more alignment comparison programs were utilized: GGSEARCH and HMMER 2.0.
Given that e values of e -3 or smaller are considered significant and e -8 or smaller establishes homology, the GGSEARCH program evaluated the alignment of TMSs 1-3 of the Psychrobacter arcticus homolog (gi 71065295) with TMSs 4-7 of a Nitratiruptor homolog (gi 152990839) with an e value of 2e -5 when aligning the profile against the Nitratiruptor homolog (gi 152990839). An additional study with TMSs 4-7 as the profile HMM and TMSs 1-3 as the HMM database resulted in a maximal e value of 2.1e -7 , where the profile matched best with the Geobacter lovleyi homolog (gi 189426048). As expected, TMSs 1-3 aligned with TMSs 4-6. TMS 7 did not align.
These results and values establish that the two halves of these proteins share a common origin. With this evidence, we conclude that TRIC proteins arose by duplication of a three-TMS-encoding gene segment giving rise to six-TMS proteins to which a seventh TMS of unknown origin was added at the C terminus. Our favored evolutionary pathway is represented in Fig. 7a .
Functional Analyses on Prokaryotic Homologs
The SEED database (Overbeek et al. 2005 ) was used in order to determine the genome context of the various TRIC homologs found in prokaryotes. The numbering system used below corresponds to the numbers provided in the SEED database for the proteins itself (always 1), with 2, 3, 4, etc. being the proteins that most frequently occur with protein 1.
In Cluster 2, the TRIC homolog Sco1 (gi 21223838) from Streptomyces coelicolor A3(2), appears to be a peptide uptake or an amino acid efflux transporter for the following reasons: -In Streptomyces coelicolor, the TRIC homolog (designated 1 below) is in an operon with a complete ABC Using the protein Gme 1 (gi 78221477) from Geobacter metallireducens GS-15, a Cluster 3 homolog as the query, the following hits were obtained: -In Flavobacterium sp. BBFL7, 1 is divergently transcribed from two genes encoding a rhomboid family peptidase and an RDD putative transport protein (TC 9.B.45). -In Geobacter uraniireducens, 2 is a hypothetical protein that is divergently transcribed from 1 and is involved in lipopolysaccharide synthesis. -In Desulfuromonas acetoxidans, there is a rhomboid serine protease that is divergently transcribed in multiple organisms. -In Desulfotomaculum reducens MI, the gene cluster includes a di-/tripeptide uptake permease (DtpA). -In Dyadobacter fermentans D., within the same operon as 1, there is a thymidylate synthase, in the pyrimidine conversion pathway.
We suggest that the TRIC family proteins of Cluster 3 are involved in export of amino acids or their breakdown products following peptide hydrolysis. A role for some of these proteins in nucleotide export is possible. Using the protein Vch1 (gi15642114) from Vibrio cholera O1 biovar E1 Tor str. N16961 in Cluster 4, most evidence suggests that the TRIC homolog may be involved in nucleotide or nucleoside export, but some members of Cluster 4 bring up operons that may be involved in amino acid metabolism. Thus, we found the following: 2 (DNA The Reinekea sp. MED297 homolog (gi 88800179) from Cluster 5 was used as the query sequence. In Shewanella putrefaciens CN-32, genes near the TRIC-A homologencoding elements include 11 (glutamate synthase, large chain), 10 (glutamate synthase, small chain), 2 (5 0 -methylthioadenosine nucleosidase) and 5 (adenosylcoinamidephosphate synthase), which are all convergently transcribed. Also, 8 is a peptidase, transcribed convergently and 13 is a tyrosyl-tRNA synthetase. All of these enzymes function in amino acid metabolism, suggesting that this set of TRIC homologs are concerned with the transport of amino acids and their derivatives.
Using the Cluster 6 member Polaribacter irgensii 23-P (gi 88803173) as the query sequence, we found homologs of all subunits of the RNF (H ? or Na ? )-translocating NADH-ferredoxin oxidoreductase encoded within an operon that also encodes the TRIC homolog. Possibly in these organisms, the TRIC homologs play a role in electron transfer, possibly transporting a substrate or product of the electron transfer chain. Some of the other operons obtained from this search did not encode RNF systems. In operons lacking RNF subunit-encoding genes, a diverse group of functional proteins could be identified. These included ATP-dependent RNA helicases, thioesterases, MDR efflux pumps, peptidylprolyl cis-trans isomerases, adenosylcobinamide-phosphate synthase and 5 0 -methylthioadenosine nucleosidase. These last two genes appear to be within an operon that also includes YadS, the TRIC family member.
The query sequence for Cluster 7 was the Psychrobacter cryohaloentis K-5 homolog (gi 93005552). For all operons, YadS homologs are designated as 1. In Polaribacter irgensii 23-P, there is an ABC transporter permease protein (2), a membrane fusion efflux protein (36), a multi-antimicrobial extrusion protein (Na ? /drug antiporter) of the MATE family of MDR efflux pumps (25), a thioeseterase (18), an ATPdependent RNA helicase (14), two putative Tricorn-like proteases and an acyl dehydratase (22). Tenecibaculum sp. MED152 has a very similar operon composition.
Cluster 11 features proteins from E. coli, Eco1 (gi 15799841). Protein 1 (YadS) is in the same operon with genes encoding 3 (ABC transporter BtuF) and 5 (S-adenosylhomocysteine nucleosidase). Other gene products encoded within this gene cluster include 2 (ErpA, an iron binding protein), 4 (EriC, an H ? /Cl -symporter) and 6 (deoxyguanosinetriphosphate triphosphohydrolase). We suggest that the TRIC family homologs function to export one of the products of S-adenosylhomocysteine hydrolysis. Fig. 7 Three possible evolutionary pathways for the appearance of all members of the TRIC family. a Our favored pathway: an initial three-TMSmembered primordial protein duplicated at the gene level to give a six-TMS protein, with a seventh TMS added by fusion. b Triplication of the three-TMS progenitor gave nine TMSs, followed by deletion of TMSs 8 and 9 and sequence divergence of TMS 7. Preliminary GAP alignments failed to find significant similarity of TMS 7 with TMS 1 or 4. c A primordial four-TMS protein-encoding genetic element duplicated to give an eight-TMS-membered structure or was only partially duplicated to give a seven-TMS protein. In the former case, the eight-TMS protein gave rise to the seven-TMS protein by deletion of the fourth TMS Using the Cluster 12 homolog from Geobacillus kautrophilus (gi 56419858) as protein 1, all gene clusters depicted have the TRIC-A homologs in its own operon. In several operons examined, 1 is divergently transcribed from a large operon containing enzymes involved in fatty acid metabolism. In another set of operons, we find 1 encoded together with a gamma-glutamyl phosphate reductase and aspartokinase. In one organism, there exists an exodeoxyribonuclease, possibly in the same operon with YadS. Still other operons encoding the TRIC homolog include fumarylacetoacetate hydrolases. In view of these results, we suggest that the TRIC homologs of Cluster 12 transport a variety of different substrates dealing with fatty acids, amino acids and intermediates of the Krebs cycle.
Discussion
TRIC channels are essential for normal muscle function in mammals. The two channel proteins, TRIC-A and TRIC-B, have different tissue distributions that have led to the suggestion that they are important in many aspects of mammalian physiology. Indeed, TRIC-B, distributed throughout many tissues, is essential for life after birth (see ''Introduction'' section). However, the study of these channels has so far been restricted to mammals.
The analyses reported here clearly show for the first time that homologs of the mammalian TRIC proteins can be found in all domains of life, bacteria, archaea and eukaryotes. A value of 13.9 SD for the eukaryotic-prokaryotic comparison is substantially in excess of what is required to establish homology (Saier 1994; Saier et al. 2009 ). The conclusion of homology was further substantiated using three additional independently derived programs based on different assumptions. This crucial conclusion of homology was confirmed by motif analysis, showing that the three best-conserved motifs share substantial sequence similarity between prokaryotic and eukaryotic homologs.
In all three domains of living organisms, these proteins have the same seven-TMS topology in spite of the appreciable size differences observed for prokaryotic vs. eukaryotic members of this family. Similar observations of size differences between homologs of transport proteins within ubiquitous protein families have been documented previously (Chung et al. 2001 ). Overall, we noted an approximately 30% decrease in size for prokaryotic proteins compared with the eukaryotic homologs, although one cluster of actinobacterial proteins showed an intermediate average size. The discovery of these proteins in prokaryotes leads to a number of questions as to their functions. It is possible that they serve as monovalent cation channels, as in the case of mammals, and that their cellular function could also be countermovements against other ions such as calcium and magnesium. Retention of conserved sequence motifs clearly suggests that at least some structural and functional features are shared by the family members from the three domains of organisms. However, the genome context studies clearly suggested otherwise.
A surprising observation was that one eukaryotic TRIC family homolog appeared in one of the bacterial phylogenetic clusters (Cluster 10). This protein is from Ostreococcus tauri, a green alga with the smallest cell size of any eukaryote yet described and with a genome of 12.5 Mbp (Courties et al. 1994; Derelle et al. 2006) . It proved to be the most distant member of Cluster 10. Based on these observations, we suggest that this protein may have been obtained by O. tauri from the a-proteobacterial precursor of the endosymbiont that gave rise to mitochondria. This suggestion is supported by the fact that Cluster 10 proteins are almost all derived from a-proteobacteria. However, the possibility of lateral gene transfer cannot be eliminated.
Examination of potential orthologous relationships among TRIC family homologs by comparison with 16S/ 18S rRNAs revealed that horizontal gene transfer between bacteria and eukaryotes was exceptionally rare and that gene exchange between archaea and bacteria was very much more frequent. However, within each of these three domains of life, we found that horizontal gene transfer within the bacterial domain occurred with highest frequency, that within the archaeal domain it seemed to occur with substantially lower frequency and that horizontal gene transfer within the eukaryotic domain occurred with very low frequency. This tendency has been observed for other families of transport proteins (Chan et al. 2010; Smets and Barkay 2005; Gophna et al. 2006) .
The topologies of TRIC family proteins revealed a consistent pattern of seven hydrophobic peaks in hydropathy plots, which could well correspond to TMSs. This conclusion was supported by the distribution of positively charged residues (R and K) in these proteins, which further suggested that the N termini are on the outside while the C termini are localized on the inside. We are aware of the proposed TRIC-A three-TMS topology as determined by epitope-tagging analyses (Yazawa et al. 2007 ). However, our hydropathy and charge analyses suggest that TRIC homologs have seven TMSs (see Fig. 5a-c) (Gafvelin et al. 1997; von Heijne 1986) . The presence of a zinc finger domain in one such homolog (Hma1) and of a FlgB domain in another homolog (Ota1), both at the N termini of these proteins, suggests that these domains function in protein-protein interactions in the extracytoplasmic space, in this case, in the SR/ER lumen. Such interactions could be important for formation of homoand hetero-oligomeric proteins.
We were able to demonstrate the presence of an internal repeat in TRIC family homologs. Thus, TMSs 1-3 proved to be homologous to TMSs 4-6, although these duplicate three-TMS elements are of opposite orientation in the membrane. We could not detect significant sequence similarity between TMS 7 and other parts of these proteins. This led to the possibility of three distinct pathways for the evolution of these proteins. First, a three-TMS-encoding genetic element could have duplicated internally to form a six-TMS protein, and then a genetic element coding for the seventh TMS fused to the six TMS encoding element. Second, the three-TMS element may have triplicated to give a nine-TMS protein, and this protein may have lost its last two TMSs while the remaining C-terminal TMS (TMS 7) underwent extensive sequence divergence. Third, a four-TMS element could have duplicated to give eight TMSs followed by internal deletion of TMS 4 with inversion of the C-terminal region within the membrane. This possibilty seems remote, but a similar scenario has been established for another family of transmembrane proteins (Au et al. 2006) . If the primordial sequence giving rise to these seven TMS proteins was a simple three-TMS channel-forming peptide, then it would have formed oligomeric (possibly hexameric) transmembrane structures. It will be interesting to learn if TMS 7 actually plays a role in channel formation. High-resolution 3-D studies using X-ray crystallography of prokaryotic or eukaryotic TRIC family proteins are likely to confirm these findings.
An examination of the biochemical and physiological functions of TRIC family proteins in prokaryotes based on operon structure and organization produced several likely possibilities. Using SEED analytical techniques, it seemed likely that many of the analyzed prokaryotic members are coregulated with other structural genes involved in amino acid, nucleoside or nucleotide transport. These results can be further extrapolated and applied to the function of their respective homologs in neighboring clusters and subclusters. We suggest a role in active metabolite efflux. Further research regarding the functional specifics of each prokaryotic cluster will prove interesting and significant.
